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Abstract In the last years, tremendous progress has been achieved in the field of gene editing in plants. By the
induction of single site-specific double-strand breaks (DSBs), the knockout of genes by non-homologous
end joining has become routine in many plant species. Recently, the efficiency of inducing pre-planned
mutations by homologous recombination has also been improved considerably. However, very little
effort has been undertaken until now to achieve more complex changes in plant genomes by the
simultaneous induction of several DSBs. Several reports have been published on the efficient induction
of deletions. However, the induction of intrachromosomal inversions and interchromosomal recombi-
nation by the use of CRISPR/Cas has only recently been reported. In this review, we want to sum up
these results and put them into context with regards to what is known about natural chromosome
rearrangements in plants. Moreover, we review the recent progress in CRISPR/Cas-based mammalian
chromosomal rearrangements, which might be inspiring for plant biologists. In the long run, the con-
trolled restructuring of plant genomes should enable us to link or break linkage of traits at will, thus
defining a new area of plant breeding.
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INTRODUCTION
The variability of the genetic information is a prereq-
uisite for species diversity, and thus for the entire
variety of terrestrial life as a result of a sustained evo-
lutionary process. The genetic information is constantly
exposed to several exogenous and endogenous factors,
leading to different DNA lesions. Most of these lesions
can be repaired error free but occasionally, the genetic
information is altered during the repair process,
resulting in distinct mutations. In addition to simple
mutations, such as InDels, large-scale rearrangements of
chromosomal fragments within the genome can also
occur. Such large-scale changes are referred to as
chromosomal rearrangements (CRs), which are defined
as ‘‘rearrangement of the linear sequence of
chromosomes including transposition, duplication,
deletion, inversion or translocation of nucleic acid seg-
ments’’ (Gray 2000).
THE NATURAL ORIGIN OF CRS AND THEIR
CONSEQUENCES
Structural variations within chromosomes can occur
naturally and their appearance often goes along with the
suppression of meiotic recombination, and thus with
evolutionary processes such as species formation and
adaptive divergence. The formation of CRs can be
mediated by different DNA repair mechanisms. In gen-
eral, DNA double-strand breaks (DSBs) can be repaired
by two main pathways, the non-homologous end joining
(NHEJ) pathway and the homologous recombination
(HR) pathway (Puchta 2005). Both repair pathways can& Correspondence: holger.puchta@kit.edu (H. Puchta)
be divided into several sub-pathways. Whereas HR is
based on the utilization of a homologous template, the
broken ends within the NHEJ are just re-ligated. Within
HR, DSB repair can either be mediated by the single-
strand annealing pathway when homologous sequences
are present on both ends of the DSB, or by the synthe-
sis-dependent strand annealing (SDSA), or the double-
strand break repair (DSBR) pathways, respectively,
when the single-stranded 30 end is able to invade into a
donor molecule, resulting in a D-loop structure (re-
viewed in (Schmidt et al. 2019a). The NHEJ occurs in
plants as in other eukaryotes via two different pathways
(Salomon and Puchta 1998). In the case of classical
NHEJ (cNHEJ), both ends of the DSB are simply recon-
nected without the use of homologies, resulting in small
InDels or correct restoration (Chang et al. 2017). The
second NHEJ pathway is based on the usage of small
microhomologies (MHs) and the protein polymerase h,
leading to large deletions, insertions or complex com-
binations of both (Black et al. 2016; Schimmel et al.
2017; Wang and Xu 2017).
Based on these repair pathways, there are several
mechanisms as to how CRs can occur (Fig. 1). The
occurrence of a single DSB, being repaired according to
the DSBR pathway, can already result in large chromo-
somal changes, whenever a stretch of homology is
available, large enough to enable repair via HR (Fig. 1A).
This kind of mechanism is called nonallelic homologous
recombination (NAHR) and might be responsible for a
significant amount of recurrent rearrangements within
the genome. Certain areas in the genome, such as low
copy repeats and duplications, can promote the forma-
tion of CRs leading to the frequent occurrence of rear-
rangement events in these repetitive regions (Lupski
and Stankiewicz 2005).
There is also evidence that repetitive DNA complexes
play an important role in the evolution of genomes. In a
mechanism of concerted evolution, changes in repetitive
regions can lead to the formation of novel CRs, and the
appearance of such CRs in turn leads to changes in these
repetitive regions (Elder and Turner 1995). Dependent
on the location of the homology, NAHR can result in
deletions, duplications, inversions, translocations and
the occurrence of isochromosomes (Barbouti et al.
2004; Park et al. 2016). Research on the evolution of the
Triticeae genome has shown recurrent translocation
points in several species, where the junction sites are
located in genes sharing 90% identity, suggesting that
Fig. 1 Different mechanisms for the development of CRs. Different DNA molecules and different repair mechanisms can be involved in
the development of CRs. (A) If the induction of a DSB occurs in a segment that is homologous to a second DSB on the same chromosome,
recombination may occur via a HR based mechanism called nonallelic homologous recombination (NAHR). The product of this HR based
recombination shown here is an inversion of the DNA stretch between the repeats. (B) If the occurrence of a DSB leads to HR based
strand invasion, an MI process may occur when the invaded strand has homologies to two different donor molecules. Such an
intermediate can be dissolved by certain resolvases, which can lead to a translocation between the two invaded donor molecules. (C) The
integration of a T DNA can lead to the formation of a translocation by the independent integration of the two ends of the T DNA into two
DSBs on different chromosomes. As a result, two independent chromosomes can then be linked by a T DNA. (D) Due to the presence of
two DSBs within a chromosome, the area between the two DSBs can be inversely integrated into the genome through NHEJ based repair
this type of translocation was formed by the NAHR
mechanism (Li et al. 2016). A second rearrangement
mechanism based on HR can lead to translocations
between two intact chromosomes, induced by a lesion
on a third chromosome (Fig. 1B). In this multi-invasion
(MI)-induced rearrangement, a broken DNA end with
two stretches of homology simultaneously invades two
independent intact donor molecules, and the subse-
quent resolution of this intermediate can result in a
translocation event (Piazza et al. 2017). A similar case
where a third DNA molecule can lead to the formation of
a translocation event between two unlinked chromo-
somes is the integration of a T-DNA in plant cells (Hu
et al. 2017). This heterogeneous T-DNA integration can
arise when the two ends of a T-DNA independently
invade two different DSBs (Fig. 1C). Depending on
whether the two DSBs are located on different chro-
mosomes or on the same chromosome, the formation of
deletions or translocations can occur.
Two simultaneously occurring DSBs can also lead to
the formation of CRs via NHEJ mediated repair (Fig. 1D).
In contrast to HR-mediated CRs, the distribution of
these types of rearrangements is more random and the
same kind of events occur rarely at the same location.
However, the role of the NHEJ mechanism in the evo-
lution of CRs has not been clarified so far (Lupski and
Stankiewicz 2005). When both DSBs occur on the same
chromosome, the fragment in between can be deleted,
inverted or duplicated; while the occurrence of simul-
taneous DSBs on different chromosomes, including
homologous chromosomes, can result in translocations
or chromosome fusions. Last but not least, transposable
elements (TEs) were linked to the formation of CRs and
this correlation was initially described by Barbara
McClintock (McClintock 1953). In principle, two differ-
ent mechanisms can be defined for the development of
TE-associated CRs. Since TEs are obviously also repeti-
tive sequences, CRs can occur indirectly via HR, as
already described (Fig. 1A), or with another mechanism
known as alternative transposition. The reaction of
alternative transposition is due to the invasion of two
TE ends originating from separate elements located on
the two sister chromatids (Gray 2000). Both CRs caused
directly or indirectly via TEs can result in a wide variety
of events such as deletions, duplications, inversions,
translocations and dicentric or acentric chromosomes.
Thus, the chromosome structure can be altered by NHEJ
as well as HR and the occurrence of CRs is favored in the
presence of TEs and invading T-DNAs.
Irrespective of the underlying mechanism, such nat-
urally occurring CRs are repeatedly observed in many
organisms. In mammals, CRs are mentioned as part of
speciation and genome evolution (Navarro and Barton
2003), but mainly these large-scale structural changes
are discussed in the context of various genetic diseases
and cancer (Abeysinghe et al. 2006; Thompson and
Compton 2011). The occurrence of CRs in plants is also
linked to speciation and genome evolution, but com-
pared to mammals, CRs in plants are generally associ-
ated with their ability to produce genetic isolation
between populations and species, because recombina-
tion is suppressed in chromosomal heterozygotes
(Blanc et al. 2000; Livingstone and Rieseberg 2004;
Kirkpatrick and Barton 2006; Fang et al. 2012; Schubert
and Vu 2016). Dependent on the type of rearrangement,
changes in chromosomes can result in hybrid sterility,
centromere shifts, formation of new open reading
frames, disruption of already existing genes, removal of
chromosomal fragments, alteration of expression pro-
files, miRNA silencing, as well as the linkage and de-
linkage of genes (Allen et al. 2004; Lowry and Willis
2010; Rodrı́guez-Leal et al. 2017; Schubert 2018). The
majority of CRs are more or less randomly distributed
across the entire chromosome but some rearrange-
ments occur repeatedly in the same areas of the chro-
mosome, with these ‘‘rearrangement hotspots’’ often
being linked to the occurrence of repetitive sequences
or heterochromatin–euchromatin borders (Lupski and
Stankiewicz 2005; Badaeva et al. 2007; Li et al. 2016;
Zapata et al. 2016). In the context of plant breeding, CRs
often represent a major obstacle because recombination
is inhibited in inverted regions and thus, the transfer of
resistance markers from one cultivar to the other is not
feasible.
SYNTHETIC GENERATION OF CRS
In addition to the targeted modification of selected
genes, the targeted modification of the chromosome
structure is also an important application in the field of
genome engineering. In this field, a new level has been
achieved through the development of artificial nucle-
ases, making it possible to target DSBs to almost any
sequence in the genome. The general idea behind these
synthetically generated nucleases is the combination of
a DNA-binding domain with a FokI nuclease domain.
This class of nucleases includes zinc finger nucleases
(ZFNs) and transcription activator-like effector nucle-
ases (TALENs), and these artificial nucleases provide
great possibilities for genome engineering. The recently
discovered CRISPR/Cas system takes on the role of key
player due to its ease of use for multiplexing approa-
ches, combined with its organism-wide, high cutting
efficiencies. The advantage of this system, which has
been modified on the basis of the adaptive immune
defence system of bacteria and archaea, lies in its simple
structure consisting of a Cas protein and a sgRNA, with
a quickly and easily adaptable target sequence (Jinek
et al. 2012).
The targeted induction of all sorts of CRs has long
been an important part of research in the field of gen-
ome engineering. When several DSBs are systematically
introduced into the genome, it is possible to modify
chromosomes in a directed manner, and thus create
completely novel combinations of chromosomal frag-
ments (Fig. 2). If two DSBs are induced on the same
chromosome, intra-chromosomal rearrangements may
occur by deleting or inverting the area between the two
breaks. Inter-chromosomal rearrangements can be
achieved by the induction of two or more DSBs on dif-
ferent chromosomes. Depending on the respective tis-
sue, a somatic or meiotic crossover (CO) can be
produced by the induction of breaks on one or both
homologues.
Induction of CR in mammals
Because chromosomal abnormalities are often corre-
lated with different cancer types and other diseases in
humans, the targeted modification of the chromosome
structure is an important challenge in this research
field. Initially, the induction of CRs was performed in an
undirected manner using radiation or chemical muta-
gens in mammalian cells, which led to the generation of
deletions, inversions, duplications and translocations
(Russel 1951; Dutrillaux et al. 1986; Russell et al. 1989;
Davisson et al. 1990; Stubbs et al. 1997).
Some of these rearrangements were useful as models
for various genetic diseases, such as the duplication of a
Fig. 2 The targeted
generation of CRs through the




induction on the same
chromosome. (A) If the
sequence between the two
DSBs is removed, a deletion
arises. If the excised DNA is
reintegrated in reverse
orientation, an inversion is
induced. (B) If two DSBs are
induced on different
chromosomes, both
chromosome arms can be
exchanged in a reciprocal
translocation.
(C) Furthermore, by inducing
(one) or two DSBs at an
identical position in
homologues, crossovers can
be achieved by HR or NHEJ,
respectively. (D) By inducing
pairs of DSBs on different
chromosomes, the sequences
between the DSBs can be
exchanged between both
chromosome arms
segment of the mouse Chromosome 16, which is con-
served in human Chromosome 21, leading to the imi-
tation of trisomy 21 in mice (Reeves et al. 1995).
However, as the location of these rearrangements can-
not be predicted when radiation or mutagens are used,
the application of this method is limited. To introduce
targeted CRs, the site-specific recombination system
Cre/loxP was adapted for the use in mouse cells. The
use of this method made it possible to specifically
induce CRs and generate structural changes that
reproduce disease-associated CR in humans (Tsai et al.
1999; Buchholz et al. 2000; Collins et al. 2000). While
lox sites need to be integrated into the genome, this
strategy is quite time consuming and these sequences
remain as scars in the genome.
ZFNs and TALENs have been successfully used in
mammals to induce a large number of different CR
events (Lee et al. 2010, 2012; Piganeau et al. 2013;
Ghezraoui et al. 2014). More recently, CRISPR/Cas was
used to induce multiple forms of different chromosomal
changes in the genome (Cheong et al. 2018). In addition,
this field of research is of particular importance in
mammals, as several human cancers and other diseases
are associated with the occurrence of translocations and
inversions. Through the simultaneous induction of two
DSBs, using the CRISPR/Cas system, inversions could be
induced very efficiently in human and mouse cell cul-
tures, with an inversely proportional relationship
between inversion frequency and inversion size being
detected (Canver et al. 2014; Li et al. 2015). Further-
more, a successful transmission of inversion events into
the germ line in mice could be achieved. For this pur-
pose, it was possible to inject 120 mouse embryos in the
single-cell stage with the two sgRNAs and the Cas9
mRNA at the same time, and the resulting founder mice
were examined for inversion formation. In the F0 gen-
eration, six mice with an inversion of 1.2 kb were
identified in this study, which corresponds to an inver-
sion efficiency of 5%. Furthermore, the same study
documented the inheritance of this inversion for the
first time. From seven F1 mice tested, two mice with an
inversion of the corresponding fragment were identified
in the following generation. Overall, the frequencies of
induced inversions with a size of 0.7–800 kb were
determined, whereby the inversion frequency was rel-
atively constant, up to a size of 6 kb, at about 20% and
then gradually decreased to a frequency of 0.7% for the
800-kb inversion (Li et al. 2015). In addition to mouse
embryos, inversions with a much lower efficiency could
also be successfully induced in zebrafish embryos,
whereby transmission of the inversion events into the
next generation proved difficult due to the low fre-
quencies (Ota et al. 2014). Additionally, newly formed
junctions of induced inversions were investigated in a
cell culture of human embryonic kidney cells (Shou et al.
2018). It was shown in this study that a large part of the
induced deletions and inversions are the result of an
accurate ligation, where no mutations occurred at the
junction sites. Nevertheless, the composition of the
junction sites in different cells, that are deficient for
certain DNA repair factors, was also investigated. In this
context, it could be shown that the number of precise
repair events in DCtIP cells is significantly increased and
significantly decreased in DXRCC4 and DLIG4 cells. This
fact suggests that the cNHEJ repair pathway is involved
in the development of inversions and deletions in
mammalian cells (Guo et al. 2018).
Using the CRISPR/Cas system, it should be possible
to reverse pathogenic inversions in the human genome
to their original form. Inversions occur, as already
mentioned, in connection with different types of cancer,
the Hunter syndrome, Emery–Dreifuss muscular dys-
trophy, as well as with the bleeding disorder hemophilia
A (Lakich et al. 1993; Bondeson et al. 1995; Small et al.
1997; Inaki and Liu 2012; Park et al. 2016). An
impressive example is the occurrence of an oncogenic
inversion on the human Chromosome 2, which leads to
the formation of an abnormal fusion protein because of
the fusion of the genes EML4 and ALK. Such an inversion
is associated with a certain type of lung cancer and this
inversion has been successfully induced in mouse and
human cells by CRISPR/Cas (Choi and Meyerson 2014).
Since this type of lung cancer has an increased sensi-
tivity to ALK inhibitors, the induction of such an
inversion can be a valuable tool for the investigation of
molecular mechanisms of tumor formation, as well as
for the in vivo testing of corresponding drugs (Maddalo
et al. 2014).
Besides inversions, translocations also play a role in
the development of different leukemia species and sar-
comas (Bunting and Nussenzweig 2013). As an example,
the very common translocation between the human ETO
gene on chromosome 8 and the RUNX1 gene on chro-
mosome 21 is associated with acute myeloid leukemia
(Yuan et al. 2001). It has been shown that it is possible
to induce this particular translocation, as well as many
other translocations, via the use of the CRISPR/Cas
system. Thus, it should be possible to reverse cancer
associated reciprocal translocations in general (Torres
et al. 2014; Lagutina et al. 2015; Torres-Ruiz et al.
2017). Moreover, the number of translocations induced
by the CRISPR/Cas system was investigated in different
murine cell lines using cell lines deficient in DNA repair
factors KU70 and POLQ. These two factors represent the
key factors of cNHEJ and MMEJ, respectively. While no
changed translocation frequency could be detected in
DPOLQ cells after DSB induction using Cas9, DKU70
cells showed a significantly increased translocation
frequency. ku70/polq double mutants showed an
increased translocation frequency compared to ku70
mutants, which suggests that these two proteins limit
translocation formation in mammalian cells (Wyatt et al.
2016).
Thus, it has been shown for mammals that the
CRISPR/Cas system can be used successfully for the
targeted induction of a variety of CRs. Using the Cas9
nuclease different naturally occurring inversions and
translocations have already been artificially created
in vivo. However, application for the targeted revision of
oncogenic CRs as part of gene therapy is still pending.
Problems in this context are the risk of tumorigenesis,
insufficient efficiencies, unexpected outcomes and other
safety issues arising during application of CRISPR-Cas9
(Ihry et al. 2018; Kosicki et al. 2018; Sakuma et al.
2018).
Induction of CR in plants
As already discussed in the previous chapter, CRs in
plants are associated with evolutionary processes such
as adaptation and species formation in a much broader
way compared to mammals. An obvious application for
the targeted modification of CRs would be the targeted
breaking or stabilization of genetic linkages between
quantitative trait loci (QTLs), resistance markers or
other attractive traits. (Lee et al. 2017; Wellenreuther
and Bernatchez 2018). First attempts to induce CR
events in plants artificially were made with the use of
TEs, site-specific recombinases and meganucleases. TEs
were first described in maize by Barbara McClintock,
who already recognized their potential to cause geno-
mic instability, leading to the depiction that TEs are
directly involved in the formation of gross CRs
(McClintock 1987). The Ac/Ds elements were success-
fully used in the following years to induce different CRs
in several plant species like maize, rice and Arabidopsis
(Zhang and Peterson 2004; Krishnaswamy et al. 2008;
Yu et al. 2012). Since the opportunities to induce CRs
using TEs are limited, Ac/Ds elements were additionally
combined with the sequence-specific recombination
system Cre/Lox to enable the generation of targeted
changes in the chromosome structure. Using such
sequence-specific recombination systems, it was possi-
ble to induce deletions, inversions and translocations in
tobacco and Arabidopsis (Qin et al. 1994; Medberry et al.
1995; Osborne et al. 1995; Zhang et al. 2003). Another
efficient option to modify the structure of the genome
was the induction of a DSB via rare cutting restriction
enzymes. A nuclease used in plants for this purpose is
the homing endonuclease I-SceI. Initially, induction of a
single DSB by I-SceI was used for the increase of gene
targeting efficiency by HR (Puchta et al. 1996) as well as
for gene knockouts by NHEJ (Salomon and Puchta
1998). When two DSBs were induced simultaneously,
the deletion of the fragment in between could be
achieved by NHEJ as well as HR (Siebert and Puchta
2002). Moreover, the induction of two DSBs on two
different chromosomes in Arabidopsis showed that it is
possible to exchange these two chromosome arms,
resulting in a reciprocal translocation and this event can
be caused by NHEJ and HR (Pacher et al. 2007). A dis-
advantage of these mentioned procedures is that I-SceI
recognition sites and lox sites need to be integrated into
the genome, and this can also be quite time-consuming
depending on the approach.
This obstacle was overcome as synthetic nucleases
were successfully applied in plants (Voytas 2013), and
thereby it was possible to induce deletions and inver-
sions in tandemly arrayed genes in Arabidopsis with the
use of ZFNs (Qi et al. 2013). Additionally, a transgenic
fragment of 4.3 kb was successfully deleted out of the
tobacco genome via ZFNs (Petolino et al. 2010). The
same kind of CRs was produced using two pairs of
TALENs in rice calli, but there was no evidence of suc-
cessful inheritance of these events into the next gener-
ation (Shan et al. 2013). The situation changed with the
discovery of the CRISPR/Cas system. Several CRISPR/
Cas-based nucleases have been applied for the knockout
of various genes by NHEJ, in various plant species. Thus,
different kinds of trait improvements have already been
achieved in crops [for recent reviews see (Yin et al.
2017; Kumlehn et al. 2018; Langner et al. 2018; Zhang
et al. 2018)]. Recently, significant improvements were
also achieved by a number of groups to induce pre-
planned changes in plant genomes via HR [for a recent
review see Huang and Puchta (2019)]. Moreover, by the
simultaneous induction of DSBs in several genes, lead-
ing to their knockout via NHEJ, a variety of attractive
traits can be induced into a plant within a single step
[for a recent review see Wolter et al. (2019)]. Therefore,
domestication of wild plants to crops could be achieved
in a single generation (Lemmon et al. 2018; Li et al.
2018; Zsögön et al. 2018). On the other hand, the
induction of several DSBs by Cas9 can also be used for
the induction of CRs in plants. In comparison to mam-
mals, applications in plants were mainly focused on the
induction of deletions and the transmission of these
events into the next generation. Small deletions up to
1 kb can be achieved quite easily in Arabidopsis and
other plant species, but interestingly, it was also possi-
ble to induce deletions up to 120 kb with low fre-
quencies in Arabidopsis, and stage specific expression of
the Cas9 protein promotes the possibility of deletions to
enter the germline (Ordon et al. 2017; Durr et al. 2018;
Wu et al. 2018). Furthermore, somatic deletion forma-
tion with a size of up to 245 kb using CRISPR/Cas was
effectively achieved in other plant species like rice,
tobacco and Medicago, although the inheritance was
only shown for deletions in Medicago and rice (Zhou
et al. 2014; Gao et al. 2015; Čermák et al. 2017).
Inversion formation following DSB induction, on the
other hand, was rarely achieved in plants and inversion
sizes were tiny compared to deletions (Gao et al. 2015;
Zhang et al. 2017). However, just recently an extensive
study about efficient inversion formation in Arabidopsis
was conducted, where inversions up to 18 kb were
successfully transmitted to the next generation using an
egg cell-specific promoter for Cas9 expression (Schmidt
et al. 2019b). In addition, the newly formed junctions of
the examined inversions and deletions were analyzed to
draw conclusions about the involved repair mecha-
nisms. It could be shown that in wild type, the majority
of inversions and deletions were formed using an error-
free cNHEJ pathway; whereas, only a minor number
were formed using MHs. Frequencies of inversions and
deletions were enhanced in mutants lacking the protein
KU70, a key factor of cNHEJ. In these mutants, both
events were generated using a backup NHEJ pathway
based on the use of MHs. A further important applica-
tion for CRISPR/Cas-induced CR in plants will be the
induction of heritable chromosomal translocations in
plants. Till now, Cas9-induced translocation induction
has only been observed as a by-product in somatic cells,
at very low frequencies in Arabidopsis (Peterson et al.
2016).
A rather obvious CR desirable for plant breeding is
the induction of crossovers between homologous chro-
mosomes. This kind of homologous recombination
reaction occurs in a programmed way during meiosis
[for a recent review see Wang and Copenhaver (2018)].
Meiotic HR is the origin of genetic diversity and enables
the generation of new allelic combinations. The random
nature of meiotic recombination diminishes the likeli-
hood for desirable outcomes and the presence of hot-
and cold-spots further restricts potential outcomes, due
to the inaccessibility of genomic regions [reviewed in
Choi (2017)]. Programmable nucleases harbor the
potential to make these respective regions accessible to
recombination by the specific targeting of DSBs. ZFN,
TALENs and the CRISPR/Cas system were harnessed as
DNA-binding domains to target SPO11, a subunit of the
natural meiotic DSB inducing protein complex, to
recombination cold-spots in S. cerevisiae, achieving a
certain increase in crossover frequency. However, some
regions where natural meiotic DSB induction is
suppressed were still inaccessible for targeted DSB
formation by SPO11, potentially as a result of regulatory
hindrances (Sarno et al. 2017). A major advantage of
plants is the late differentiation of germ cells that
enables the inheritance of somatically induced muta-
tions, including genomic rearrangements (Das et al.
1990). Thus, targeted CO induction does not have to be
exclusively restricted to meiotic cells. Using pro-
grammable nucleases for DSB induction, it is possible to
bypass meiosis for CO induction. In a ground-breaking
study, scientists from the Weizmann institute developed
a selection system, using hybrids of two tomato acces-
sions distinguished by SNPs and fruit colour that
enables the identification of somatic DSB repair out-
comes. By inducing an allele-specific DSB using CRISPR/
Cas9, they were able to identify somatic HR events,
including gene conversions and one putative crossover
event. Due to plant death, inheritable events could only
be identified for gene conversions (Filler Hayut et al.
2017). Besides homologous recombination, somatic COs
might also be achievable by the use of NHEJ. In this case,
DSBs have to induced simultaneously in both homolo-
gous chromosomes, which might result in translocations
between homologues, in certain frequencies (Fig. 2C).
The impact of these new techniques in the field of
plant breeding is remarkable, as it becomes possible to
shape chromosomes according to the specific require-
ment. Besides the direct induction of crossovers in
recombination cold regions of the genome or the elim-
ination of adverse traits out of the genome, directed
induction of other kinds of CRs is also important to
transfer certain traits between cultivars.
CRs contribute to the development of reproductive
barriers, because recombination between rearranged
areas is suppressed in heterozygotes (Wellenreuther
and Bernatchez 2018). This suppression of HR repre-
sents a major obstacle in plant breeding because there
is no exchange of genetic material between cultivars in
parts of the genome that were rearranged during evo-
lution. As an example, in the model plant Arabidopsis
thaliana, a large paracentric inversion, the heterochro-
matic knob hk4S, was identified in the Columbia
accession, whilst it is absent in Landsberg, leading to a
HR cold-spot in heterozygotes in this area (Drouaud
et al. 2006; Giraut et al. 2011; Fransz et al. 2016). These
types of rearrangements are leading to several problems
in crop breeding because the transfer of certain traits
within an inversion from one cultivar to the other is no
longer achievable. An accumulation of multiple large
CRs might have a drastic effect for the transfer of traits
via crossing: the formed hybrids might become sterile
because chromosome pairing during meiosis is becom-
ing defective. By inverting or re-inverting certain
regions, it is possible to regain accessibility for meiotic
HR to these specific chromosome segments. On the
other side, if desired, it is also possible to generate new
linkage groups to suppress recombination in this area
(Fig. 3). As an example of re-inversion to separate
linkages, the transfer of the nematode-resistance gene
Mi-1, which is associated with an inverted chromosomal
segment in tomato, to another cultivar, could be a pos-
sibility in future with the aforementioned described
techniques. This and many other examples show the
potential of targeted modification of chromosome
structures for achieving new combinations of alleles out
of a pool of species that are not achievable by the use of
classical breeding. Therefore, it will be very important
to further develop our tools for CRISPR/Cas-induced
CRs in plants, in the future.
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